In this work, the ultimate bending strengths of as-grown Si and fully oxidized Si nanowires (NWs) were investigated by using a new atomic force microscopy (AFM) bending method. NWs dispersed on Si substrates were bent into hook and loop configurations by AFM manipulation. The adhesion between NWs and the substrate provided sufficient restraint to retain NWs in imposed bent states and allowed subsequent AFM imaging. The stress and friction force distributions along the bent NWs were calculated based on the in-plane configurations of the NWs in the AFM images. As revealed from the last-achieved bending state, before fracture, fracture strengths close to the ideal strength of materials were attained in these measurements: 17.3 GPa for Si NWs and 6.2 GPa for fully oxidized Si NWs.
I. INTRODUCTION
Nanoscale mechanical properties' measurements are a critical part of the development of new nanostructures and nanoscale devices with applications in electronics, [1] [2] [3] optics, 2, 4 electromechanical devices, 5, 6 biomedicine, 7 and energy conversion. 8, 9 Mechanical tests of elastic and plastic deformation, fracture, toughness, creep, and fatigue provide key information in selecting appropriate materials and structures for reliable and high-performance functionality of such emerging nanoscale devices. Due to its extensive use in electronics, the mechanical properties of "bulk" Si have received long-term attention; challenging requirements arising from the current and ongoing shrinking of features in nanoscale components require new tests and procedures to measure the "nanoscale" mechanical properties of Si. Readily fabricated in top-down 10, 11 and bottomup 12, 13 systems, Si nanowires (NWs) are one-dimensional Si single crystals that provide excellent vehicles for testing the mechanical properties of Si at the nanoscale. 5, [14] [15] [16] [17] Due to the large surface area-to-volume ratio of nanostructures, some mechanical properties that are intrinsic material characteristics at the macroscale become strongly size dependent at the nanoscale. Theoretical and experimental studies have shown that the elastic moduli of various types of NWs change significantly compared with their bulk counterparts due to surface contributions. In the case of Si NWs, a size-dependent behavior for the elastic modulus (decreased with respect to the bulk elastic modulus) was found from atomistic computations 18, 19 for NWs with radii smaller than 2.5 and 10 nm (depending on their crystallographic orientation) and from measurements 16 for NWs with radii smaller than 10 nm. Fracture strength is another quantity of interest that is an important characteristic of the mechanical response of nanostructures [20] [21] [22] [23] and is a measure of the maximum stress sustainable by a component before fracture. In the absence of defects, the ideal fracture strength is approximately one-tenth of the elastic modulus of a material. 24, 25 However, as is the case for most materials, bulk Si wafers and diced chips exhibit fracture strengths one or two orders of magnitude smaller than the ideal limits due to fabrication and processing-induced defects. 26 On the other hand, as single crystals of reduced size, Si NWs are expected to exhibit enhanced fracture strengths due to the reduced number of NW structural defects. Indeed, an increase of a factor of 20-40 in the bending strength of Si beams was observed as their size was reduced from millimeters down to nanometers. 27 A few examples 14, 16, 20, 22, [28] [29] [30] [31] [32] for which the ultimate fracture strength of various NWs and nanotubes (NTs) was found close to that of a perfect crystal are listed in the upper part of Table I . Also, as can be seen in the middle and lower parts of Table I , the fracture strength of Si NWs indicates a significant enhancement compared with measurements at millimeter and micrometer scales. 14, 16, 27, [33] [34] [35] Due to the difficulties associated with nanoscale accessibility and manipulation, tests for nanoscale mechanical property measurements continue to be challenging and require further developments and improvements. Most existing tensile and bending methods for measuring the mechanical responses of NWs were adapted from those used on macrosize specimens. In conventional tensile tests on NWs and NTs, gripped specimens were stretched between two probes 16, 22, 28, 31 inside a scanning electron microscope (SEM) or transmission electron microscope (TEM) to determine the ultimate strength values from stress-strain responses. Various bending tests in the form of cantilever configurations, 14, 20, 33 loops between two manipulators, 36 or three-point bending tests (stretching bridged filaments) 29, 30, 37 were used to observe the highest stress state sustained by a NW or NT just before failure. The bending of onedimensional nanostructures was also investigated by using the stretching forces developed in the specimen support during electron beam exposure in a SEM or TEM. 15, 38, 39 In this work, atomic force microscope (AFM) manipulation is used to bend as-grown Si and fully oxidized Si NWs into either a hook or loop configuration. The adhesion between the NWs and the supporting substrate provides a strong enough force to retain the NWs in the bent configuration reached after each manipulation step. The procedure resembles the two-point bending method, 40, 41 in which a specimen (beam, wire) is bent into a loop as the two specimen ends are displaced toward each other and the maximum intervening curvature is observed. In the new proposed NW bending method, the in-plane geometry of a bent NW is detailed after each manipulation step by imaging the region encompassing the NW with AFM operated in conventional intermittent contact mode. Analysis of the AFM images enables the force balance around the NW to be analyzed, and the local bending stress calculated. Fracture strengths for as-grown Si and fully oxidized Si NWs are determined from the last-observed bending states before fracture.
II. EXPERIMENTAL DETAILS

A. Materials
The as-grown Si and fully oxidized Si NWs measured in this work were from the same batches of NWs for which the structure and elastic properties were investigated previously. 17, 42 Initially, all the Si NWs were synthesized by an Au-catalytic vapor-liquid-solid (VLS) technique on Si(111) substrates at 500°C in a mixture of SiH 4 , N 2 , and H 2 gases. From TEM electron diffraction and SEM electron backscatter diffraction, the NWs were found to be single crystals with their axes along a Si ,112. direction. Subsequently, some NW batches were oxidized by a rapid thermal oxidation at 1000°C for 5 min. TEM measurements showed that oxidized Si NWs with diameters less 60 nm were fully oxidized. As such, to keep the interpretation simple, only oxidized Si NWs with diameters smaller than 60 nm were selected for fracture strength measurements. The elastic properties of the NWs were determined by contact-resonance AFM: the elastic modulus was found to be around 160 GPa for as-grown Si NWs and around 75 GPa for fully oxidized Si NWs. 17 The Si NWs, either as-grown or fully oxidized, were detached from their original substrate through a gentle sonication in isopropyl alcohol. A few drops of the resulting suspension were deposited on a clean Si(100) substrate. After the solution dried, straight NWs as long as 25 lm were observed on the substrate through simple inspections by SEM or AFM. Si NWs grown and dispersed on a flat Si substrate are shown at different magnifications in Fig. 1 . Capillary meniscus and van der Waals forces and contaminant residues of isopropyl alcohol enhanced the adhesive connection between the NWs and the substrate.
B. AFM bending tests
Friction forces promoted by the adhesive pinning were great enough to hold AFM-manipulated NWs in states of great bending stress; an example is shown in Fig. 2 , which shows an as-grown Si NW of radius 26 nm imaged by intermittent AFM contact mode after successive bending steps. The NW was initially straight and vertical in the image; visible traces of contaminants indicate the NW position before bending. The NW was bent into a hook by imposing a displacement of the AFM probe perpendicular to the NW and laterally dragging the NWinitially the end of the NW was dragged horizontally from left to right in the image, then vertically bottom to top, and then finally horizontally right to left as indicated by the F tip arrow in Fig. 2 . In each bending test performed in this work, the free end of a NW was bent around a long NW segment in either the asymmetric hook configuration of Fig. 2 or a similarly manipulated, nearly symmetric, loop configuration. A few of the last states observed during the bending of the initially straight Si NW are shown in Fig. 2 ; as in any other type of bending tests interrogating fracture strength, a question is if the bending increments are small enough to resolve the ultimate stress state that the tested specimen can sustain. In the manipulation shown in Fig. 2 , the imposed spatial displacement of the AFM probe was increased in 500-nm increments from the same reference point outside and to the right of the short arm of the hook. At each bending step, the balance between the elastic response of the NW and friction between the NW and the substrate was redefined, such that closing of the hook did not necessarily occur at a constant rate. Lateral displacements between 100 and 200 nm were measured for the short arm of the hook in the last imposed probe increments before fracture; the displacements became smaller and smaller as the hook was further bent. Thermal drift within the AFM did not affect the precise relocation of the AFM probe at the reference point where the imposed displacement began; repeatability in imaging the same area (at least 20 images) pointed to a minimal thermal drift of order of nanometers. Hence, very close approach to the ultimate strength state just before fracture could be achieved by reducing the incremental bending steps. In the example shown in Fig. 2 , the radius of the hook was reduced progressively in each step [Figs. 2(a)-2(e)] until the most bent part of the NW (the lower part of the hook) broke [ Fig. 2(f) ] and the built-up stress was released. After fracture, the end of the long NW segment bounced back toward its original alignment and the short segment flew to a nearby location; the long NW segment did not fully relax to its original straight position however, but rested against the contamination trails.
III. ANALYTICAL DETAILS A. Configuration of a bent NW
The coordinates, x and y, defining the NW profile in the plane of scan were retrieved from AFM images such as Fig. 2 43 using DataThief software 44 to locate the thickest part of the NW, i.e., to trace the middle line along the NW (Any mention of commercial products in this article is for information only; it does not imply recommendation or endorsement by the NIST.). Once the x and y coordinates were determined for all locations along a NW, a parabola of the form y 5 Ax 2 1 Bx 1 C was fit at each location including six adjacent points (three on each side), as shown in Fig. 3(a) . The fitting coefficients, elastic modulus from previous measurements, 17 and NW radius from topographic cross sections of the bent NW were then used to calculate the bending stress and friction force at each location.
B. Stress and force distribution along a bent NW
Determination of the mechanical state of a NW was made in terms of the local stress induced in the NW on bending and the friction force required to hold the NW in its bent state. These two parameters were calculated from the coordinates, x and y, and derivatives, d n y/dx n , of the bent NW in the plane of scan, Fig. 3(a) , as determined from the profile fit coefficients, A, B, and C. The fit coefficients were used to calculate the local curvature, j 5 d//ds, and radius of curvature, q 5 1/j, of a NW element; the polar angle, /, and elemental arc length ds ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 11 dy=dx ð Þ 2 q dx were defined in the plane of scan, Fig. 3(a) . The shear force, V, bending moment, M, and friction force, F n , necessary to hold the NW in its bent position are shown in Fig. 3(b) acting on a NW element.
As the main contribution to bending of the NWs was from moments exerted by friction forces between the NWs and the substrate, the stress state of the NWs was characterized in terms of bending stress; axial stress in the NWs was negligible. From the stress-strain relationship for an isotropic elastic rod, the tensile bending stress r b and strain e b at the outer part of the bent NW are related to q by 45, 46 
and
where R NW and E are the radius and elastic modulus of the NW, respectively. By using the expression for q in Cartesian coordinates,
the local bending stress is given in terms of the coefficients of the fit parabola as
To find the expression for the friction force per unit length, f, the balance of the forces and moments acting on a NW element is used:
where V and M are the shear force and bending moment at location s along the NW. By using the expression of the bending moment, M 5 EId//ds 5 EIj, the friction force per unit length and shear force are obtained as
where I is the moment of inertia of area about the neutral axis of the NW (equal to pR 4 NW =4 for a NW of radius R NW ) and e n is the local normal of the NW [see Fig. 3(b) ]. By expressing all the Cartesian derivatives in terms of the coefficients A, B, and C of the fitting parabola, the local friction force per unit length, shear force, and bending moment are given by
respectively.
IV. RESULTS AND DISCUSSION
A. As-grown Si NWs bent in a hook configuration
The bending stress and friction force distributions in the most bent region of a Si NW of radius 57 nm are shown in Fig. 4 . In this example, the x and y coordinates defining the NW profile [white line in Fig. 4(a) ] were measured at locations equally spaced (100 nm apart) along the NW axis. The minimum radius of curvature was approximately 700 nm at the top of the hook. By using Eq. (3), the bending stress profile along the NW was obtained as shown in Fig. 4(a) . The maximum bending stress captured in this bending test was 13.1 GPa at the top of the hook. The bending stress obtained compares very well with the maximum bending stress measured on other VLS-grown Si NWs: in one study, 14 Si [111] NWs, about 2-lm long, with diameters between 100 and 200 nm, were tested directly at the growth sites, with the NW-substrate junction used as a fixed point and an AFM probe bending the vertical NWs from the top in a cantilever configuration to generate stresses of (12 6 3) GPa. In another study, 16 the stress-strain responses of Si NWs of various orientations with lengths between 1.5 and 4.5 lm and diameters in the range of 15 to 60 nm were observed in tensile tests inside an SEM to attain stresses of (11 6 1) GPa.
In the friction force profile, obtained using Eq. (8), shown in Fig. 4(b) , the force is positive when the friction is directed outward from the hook and negative when directed inwards to the hook. The values calculated here are one order of magnitude greater, probably due to the adhesive effect caused by contaminants, than those found to characterize the friction between other one-dimensional nanostructures and flat substrates (indium arsenide NWs on silicon oxide 47 and silicon nitride 48 substrates, carbon NTs on silicon oxide 43 and silicon 49 substrates).
The ultimate bending stress achieved in the example shown in Fig. 2 is analyzed in the following. As inferred from Fig. 2(e) , the minimum radius of curvature formed in the last-imaged bending state was about 330 nm, which, from Eq. (3), corresponded to a maximum bending stress of 12.6 GPa, comparable to that determined above. However, close observation of the AFM images in Fig. 2 reveals that in fact the NW experienced greater bending deformation than that determined from the postdisplacement imaging of the curvature of the hook. In this case, substrate adhesion forces were not strong enough to balance the elastic response generated in the hook during bending at the peak-imposed probe displacement. As a result, in the last bending stages, the short arm of the hook relaxed backward after the AFM probe was retracted. This can be observed very clearly from the change in the position of a contaminant that happened to be encircled by the hook (the contaminant is indicated by a tilted arrow in each image of Fig. 2) . The contaminant was displaced by the short arm in each bending step and marked the position reached by the short arm at the completion of each AFM probe-imposed displacement increment. The final separation between the contaminant and the short arm of the hook gradually increased during the final increments of imposed displacement after the probe was retracted, from about 300 to about 400 nm, indicating increasing postretraction relaxation. Although the radius of the hook decreased continuously, i.e., the short arm did not relax to the same position after each bending step, the fact that the relaxation displacement increased as the NW was subjected to greater stresses shows that an equilibrium between friction forces at the NW-substrate interface and shear forces in the bent NW was generated to establish the position of the short arm. Such an approach has been followed in examining the sliding friction between various one-dimensional nanostructures and flat substrates. 43, [47] [48] [49] In the bending shown in Fig. 2 , analysis of the relative position of the contaminant with respect to the imaged NW allows a more accurate calculation of the bending stress attained in the NW before fracture. The true bending state achieved through manipulation is defined by the long NW segment, the point of maximum curvature of the hook, and the position of the movable contaminant. The first and last bending positions shown in Figs. 2(a) and 2(e) are enlarged for clarity in Fig. 5 . In Fig. 5(a) , the maximum true bending state attained in Fig. 2(a) (defined by the three references specified above) coincides with the relaxed bending state (defined by the NW hook) shown in Fig. 5(b) . Superposition of these two bent NW profiles allowed determination of the intersection point of the two tangents that defined the orientation of the free end of the NW in each bending state. To a first approximation, this intersection point can be considered as the pivot point around which the short arm of the hook was rotated as the curvature of the hook was increased through imposed bending. The curvature of the hook in its final true bending state can then be approximated by fitting a circle between the NW and the tangent line defined by the final contaminant position and the pivot point. It was thus found that the radius of the final bending state was about 240 nm rather than 330 nm as indicated by the position of the NW itself. With this determined radius of curvature, the ultimate bending stress for the investigated Si NW was calculated to be 17. curvatures about four times smaller than the maximum curvature attained in these bending tests. However, it has been shown recently that the plastic deformation of brittle nanostructures investigated by TEM arises through local amorphization induced by exposure to the high-energy radiation of the electron beam. 50 Although no structural investigation was performed on the broken ends of the NWs investigated in these tests, the fracture appeared to be brittle and without plastic deformation: No clear tapering around the ends at the fracture point was imaged by AFM, and the broken NW segments relaxed violently into stressfree (straight) states.
B. Oxidized Si NWs bent in a loop configuration
An even more stable configuration for observing NW mechanics during bending was generated when long NW segments were used to form a closed loop (see Fig. 6 rather than a hook. In the first steps of this type of manipulation, a "long" NW segment was dragged 180°a round its initial direction and aligned along the unmoved NW segment. The radius of the formed loop was then progressively reduced by pushing with the AFM probe from one side of the loop. Compared with the hook configuration, the loop configuration provides an improved anchoring around its entire perimeter with better balances for forces and moments. The last bending state before fracture is therefore more easily observed in the loop configuration than in the hook configuration. To illustrate this concept, a fully oxidized Si NW of radius 29 nm was bent into a loop and imaged by AFM after each reduction of the loop radius. The last bending states before fracture are shown in Figs. 6(a)-6(d) . The AFM probe was dragged into contact with the NW from the right [as indicated by the horizontal arrow in Fig. 6(f) ] and advanced toward the left by 200 nm in each increment. The NW positions as imaged by AFM after each bending step are superimposed in Fig. 6(f) . Both sides of the loop were moved to the left in each imposed displacement increment: The right side as pushed by the AFM probe and the left side as a result of the increased bending stress in the loop. Unlike the previous cases of hooks with short arms, the adjustment in the position of the right side of the loop suggested that the mechanical equilibrium between the friction forces and bending moments was mostly settled before the AFM probe was retracted. Consequently, the imaged NW is in a bent state very close to that imposed by the AFM probe. By relating the separations between two successive positions of the right side of the loop to the 200-nm imposed displacement of the AFM probe at each step [the vertical dotted lines in Fig. 6(f) ], a small postdisplacement relaxation of the loop was revealed, over a distance of about 150 nm in the last bending state. This distance is less than half of the relaxation distance (separation between the contaminant and the right arm of the hook) in the hook configuration [ Figs. 2(e) and 5(b)]. It was therefore concluded that the last bending state in the loop configuration was even closer to the ultimate bending state than in the hook configuration.
The distribution of the bending stress along the most bent region of the loop was calculated for each bending state imaged in Figs. 6(a)-6(d) using Eq. (3). The results are shown in Fig. 7 , with the subscripts 1 to 4 corresponding to the states (a) to (d), respectively. Initially (state 1 in Fig. 7 or state (a) in Fig. 6 ) the region of maximum bending stress (about 5.0 GPa) was located on the right side of the loop. As the loop was progressively pushed toward the left, the stress distribution changed along the loop and the top of the loop was put into greater stress. During this stress redistribution process, the maximum bending stress at the top of the loop first decreased to about 4.3 GPa (state 2 in Fig. 7 ) and then increased to about 5.0 GPa (state 3 in Fig. 7) . A more accurate estimation of the last-achieved bending state can be rationalized by considering the last position reached by the AFM probe [position (4) in Fig. 6(f) ]; the minimum radius of curvature for this last state can be approximated as half the distance between position (4) of the AFM probe and the position of the left side of the loop. Using this approximation, the minimum radius of curvature was approximately 350 nm, which, using Eq. (3) corresponds to a bending stress of 6.2 GPa. The maximum achieved bending strain was estimated to be around 8.3% for this fully oxidized Si NW.
The observed maximum bending stress of 6.2 GPa for fully oxidized Si NWs is in the range of the ideal fracture Values of strengths in the range of 10-15 GPa were measured in tensile tests for the ultimate fracture strength of silica glass NWs of elastic modulus around 100 GPa and radii in the range of 50-300 nm. Such large values for the fracture strength of silica NWs are one order of magnitude greater than that measured for SiO 2 thin films and two orders of magnitude greater than that for bulk SiO 2 samples. 51 As has been argued above, the explanation for the observed enhancement in the great fracture strengths of one-dimensional SiO 2 structures compared with their twoand three-dimensional counterparts is that the number and size of flaws are reduced with the reduction of the specimen size. Moreover, it has been suggested 31 that enhanced fracture strength would be possible for amorphous SiO 2 NWs compared with their crystalline counterparts due to a greater mechanical flexibility of amorphous structures to accommodate defects, whereas the stiffness of the crystalline structure of Si NWs is more prone to crack initiation. In our measurements, comparable ratios of r f /E were observed, 11% for as-grown single crystalline Si NWs and 8% for fully oxidized amorphous Si NWs, and comparable defect sizes, of order nanometers.
V. CONCLUSIONS
A new procedure for determination of the bending stress and fracture strength of NWs was proposed in this work.
Based on a simple AFM manipulation, two different bending configurations (hook and loop) were generated for observing the ultimate bending stress states that NWs can sustain before fracture. The NWs tested were fixed in the various bending configurations reached during manipulation by the adhesion and friction between the NW and substrate; subsequent AFM imaging was used to capture the configuration details of the bending states. The great advantage of the new bending test consists in its simple AFM manipulation without any additional delicate handling of NWs such as transfer, positioning, or holding. In all of the hook and loop configurations it was possible to observe large bending stress states of as-grown and fully oxidized Si NWs as their radius of curvature was progressively reduced. Thus, the greatest bending stresses sustained by the NWs tested in this work were found to be 17.3 GPa for an as-grown Si NW of 26-nm radius and 6.2 GPa for a fully oxidized Si NW of 29-nm radius, respectively. These stress values were determined under the assumptions that the bending of NWs before their brittle fracture was elastic and resembled that of an isotropic homogenous rod. Deviations from these ideal assumptions, as well as detailed insight into the fracture characteristics of the Si NWs subjected to such nanoscale bending tests, can be provided by additional microstructure investigations (e.g., TEM investigation of possible structure defects).
